Repetitive synaptic stimulation overcomes the ability of astrocytic processes to clear glutamate from the extracellular space, allowing some dendritic segments to become submerged in a pool of glutamate, for a brief period of time.This dynamic arrangement activates extrasynaptic NMDA receptors located on dendritic shafts. We used voltage-sensitive and calcium-sensitive dyes to probe dendritic function in this glutamate-rich location. An excess of glutamate in the extrasynaptic space was achieved either by repetitive synaptic stimulation or by glutamate iontophoresis onto the dendrites of pyramidal neurons. Two successive activations of synaptic inputs produced a typical NMDA spike, whereas five successive synaptic inputs produced characteristic plateau potentials, reminiscent of cortical UP states. While NMDA spikes were coupled with brief calcium transients highly restricted to the glutamate input site, the dendritic plateau potentials were accompanied by calcium influx along the entire dendritic branch. Once initiated, the glutamate-mediated dendritic plateau potentials could not be interrupted by negative voltage pulses. Activation of extrasynaptic NMDA receptors in cellular compartments void of spines is sufficient to initiate and support plateau potentials. The only requirement for sustained depolarizing events is a surplus of free glutamate near a group of extrasynaptic receptors. Highly nonlinear dendritic spikes (plateau potentials) are summed in a highly sublinear fashion at the soma, revealing the cellular bases of signal compression in cortical circuits. Extrasynaptic NMDA receptors provide pyramidal neurons with a function analogous to a dynamic range compression in audio engineering. They limit or reduce the volume of "loud sounds" (i.e., strong glutamatergic inputs) and amplify "quiet sounds" (i.e., glutamatergic inputs that barely cross the dendritic threshold for local spike initiation). Our data also explain why consecutive cortical UP states have uniform amplitudes in a given neuron.
INTRODUCTION
Each pyramidal neuron in the mammalian cerebral cortex receives several thousands of glutamatergic synapses (Elston, 2003) , over 2/3 of which impinge on basal and oblique dendrites (Larkman, 1991) . Being directly connected to the cell body, the basal dendrites are in a prime location for delivering large amounts of depolarizing current to the cell body (Oakley et al., 2001; Benucci et al., 2004; Enoki et al., 2004; Milojkovic et al., 2004) . In principle, one can identify two parts of the depolarizing current in basal dendrites. One part of this current is of synaptic origin; mediated by the opening of ion channels in dendritic spines (Yasuda et al., 2003; Nimchinsky et al., 2004) . The second portion of this current is mediated by the opening of voltage-gated and ligand-gated membrane conductances located on the dendritic shafts of basal dendrites (Schiller et al., 1995; Enoki et al., 2004; Milojkovic et al., 2005b; Kampa and Stuart, 2006; Acker and Antic, 2009; Chalifoux and Carter, 2011) . The contributions from these two sources of depolarizing current (synaptic and extrasynaptic) vary with the amount of glutamatergic input. The total glutamatergic input in one dendritic region is determined by the frequency of afferent activity (temporal summation of glutamate) or convergence of afferent axon terminals into the same region (spatial summation of glutamate). When glutamatergic inputs are sparse and scattered (Swadlow and Hicks, 1997) , tiny amounts of glutamate that spill out from synaptic clefts are quickly removed from the extracellular space by astrocytic processes ( Figure 1A) ; this mechanism is especially effective at physiological temperatures (Asztely et al., 1997; Kullmann et al., 1999) . Clustered synaptic activity (Figure 1B) , on the other hand, overcomes the astrocytic ability to remove glutamate, allowing the excitatory neurotransmitter to freely exit loose synaptic clefts (Herman et al., 2011) and reach areas of the neuronal membrane between dendritic spines (Chalifoux and Carter, 2011) . To a first approximation, an astrocytic process can handle glutamate from one active spine ( Figure 1A ), but it fails to completely remove glutamate from the extrasynaptic space when many neighboring spines are active at the same moment of time ( Figure 1B) . The residual glutamate then becomes available to activate extrasynaptic NMDA receptors (Tovar and Westbrook, 1999) . Upon just two consecutive activations of synaptic inputs the conditions are met to trigger a local dendritic spike (Polsky et al., 2004) , fully mediated by NMDA receptor channels (Schiller et al., 2000; Major et al., 2008) .
Initially, the NMDA spike was thought to be a pure voltage spike (Schiller et al., 2000; Rhodes, 2006) , just like the axonal action potential (AP; Hodgkin and Huxley, 1952) . This was based on the fact that both Na + channels and NMDA receptor channels exhibit a region of negative slope conductance, which is the biophysical substrate of regenerative property (Mayer et al., 1984; Nowak et al., 1984) . We now think that NMDA spikes are not solely based on the summation of voltage (Gasparini et al., 2004; Rhodes, 2006) , but rather on the summation of glutamate contributed by many individual boutons that converge in a small space ( Figure 1B) . In support of this view, it has recently been shown that glutamatergic synapses are functionally clustered on developing dendrites. Synapses that are located near each other on the same dendritic branch exhibit a higher degree of temporal correlation than synaptic pairs on different dendrites (Kleindienst et al., 2011) . Spatio-temporal clustering of synaptic inputs (Larkum and Nevian, 2008) and activation of extrasynaptic receptors due to this clustering (Suzuki et al., 2008; Chalifoux and Carter, 2011) are broadening the realm in which we view information processing in the central nervous system (Poirazi et al., 2003; Antic et al., 2007; Magee, 2011; De-Miguel and Fuxe, 2012) .
In the present paper, we will compare NMDA spikes with glutamate-evoked plateau potentials (Antic et al., 2010) , and argue that both events are mediated by the extrasynaptic NMDA receptors (Schiller et al., 2000; Polsky et al., 2009; Chalifoux and Carter, 2011) . In spite of many similarities, these two events show some important differences. Compared to NMDA spikes, the glutamatemediated dendritic plateau potentials are larger in amplitude and duration. Unlike the NMDA spike, the dendritic plateau potential depolarizes the cell body beyond the AP threshold and lasts for more than 100 ms (Oakley et al., 2001; Wei et al., 2001; Cai et al., 2004; Milojkovic et al., 2004 Milojkovic et al., , 2005a Major et al., 2008) . During an intense outburst of cortical activity, glutamate released from multiple axon terminals completely overcomes the ability of astrocytic processes to clear extrasynaptic glutamate (Parpura et al., 1994) . Not only does the uptake of glutamate in astrocytic processes begin to significantly slow down, but also, in response to repetitive afferent activity, the astrocytes begin to actively release glutamate back into the extracellular matrix (Parpura et al., 1994; Jourdain et al., 2007; Min and Nevian, 2012) . For a brief period of time, the dendritic shaft, and accompanying dendritic spines are submerged in a pool of glutamate ( Figure 1C ). This temporary arrangement triggers a qualitatively different signal compared to a classical NMDA spike. The glutamate-evoked plateau potential is unique in two physiological aspects: (1) somatic membrane potential and (2) dendritic calcium dynamics. Dendritic plateau potentials initially start as NMDA spikes (Milojkovic et al., 2004 (Milojkovic et al., , 2005a Major et al., 2008) . Upon conversion from NMDA spike to dendritic plateau potential, the somatic voltage waveform is no longer like a large, pointy EPSP (Polsky et al., 2004) ; it becomes a more sustained depolarization event, reminiscent of a cortical UP state (Milojkovic et al., 2004 (Milojkovic et al., , 2005a Antic et al., 2007) . After this transition, the dendritic calcium signal switches from a highly localized calcium transient characteristic of NMDA spikes (Schiller et al., 2000; Holthoff et al., 2004; Chalifoux and Carter, 2011; Katona et al., 2011) to a robust calcium flux that engulfs the entire dendritic branch Major et al., 2008 ; Figure 1C , black contour). During intense cortical activity, it is highly probable that two plateau potentials may coincide in the dendritic tree of a pyramidal neuron. Here, we studied how two dendritic plateau potentials occurring simultaneously in two basal dendrites summate in the cell body.
MATERIALS AND METHODS

BRAIN SLICE AND ELECTROPHYSIOLOGY
Sprague Dawley rats (P21-42) were anesthetized with isoflurane inhalation, decapitated, and the brains were extracted with the head immersed in ice-cold, artificial cerebrospinal fluid (ACSF), according to an animal protocol approved by the Center for Laboratory Animal Care, University of Connecticut. ACSF contained (in mM) 125 NaCl, 26 NaHCO 3 , 10 glucose, 2.3 KCl, 1.26 KH 2 PO 4 , 2 CaCl 2 , and 1 MgSO 4 , pH 7.4. Coronal slices (300 µm) were cut from frontal lobes. All experimental measurements were performed at 32-34˚C. Whole-cell recordings were made from visually identified layer 5 pyramidal neurons within the ventral medial PFC, including prelimbic and infralimbic cortex. Intracellular solution contained (in mM) 135 K -gluconate, 2 MgCl 2 , 3 Na 2 -ATP, 10 Na 2 -phosphocreatine, 0.3 Na 2 -GTP, and 10 HEPES (pH 7.3). Electrical signals were amplified with Multiclamp 700B and digitized with two input boards: (1) Digidata Series 1322A (Molecular Devices, Union City, CA, USA) and (2) Neuroplex (RedShirtImaging, Decatur, GA, USA). Only cells with a membrane potential more negative than −50 mV (not corrected for junction potential), and AP amplitudes exceeding 70 mV (measured from the baseline) were included in this study. APs were evoked with depolarizing current steps injected into the cell body (intensity 150-300 pA, duration 250 ms). Sodium channel blocker Tetrodotoxin (TTX) and NMDA receptor blocker dl-2-Amino-5-phosphonopentanoic acid (APV) were purchased from Sigma (St. Louis, MO, USA) and used at final concentrations of 1 and 50 µM, respectively.
DYE INJECTION
Voltage-sensitive dye (JPW-3028, synthesized by Dr. Leslie Loew, University of Connecticut Health Center), and calcium-sensitive dyes (Ca-Green-1, Oregon Green BAPTA-1, and bis-fura-2; purchased from Invitrogen, Carlsbad, CA, USA) were dissolved in intracellular solution. The protocol for voltage-sensitive dye injection has been previously described (Antic, 2003) . Briefly, neurons were filled through whole-cell patching pipettes with JPW-3028 for 45 min. Dye-free solution was at the tip of the pipette, while the back of the pipette lumen was loaded with dye-rich solution (400-800 µM). After 45 min of loading with voltagesensitive dye, the filling pipette was pulled out (outside-out patch) and brain slices were left to incubate for 1-3 h at room temperature, allowing the dye to diffuse into dendritic tree. Right before optical recordings the cells were re-patched with a dyefree pipette. In calcium imaging experiments, Alexa Fluor 594 (50 µM) was included in the intracellular solution to aid the visually guided positioning of glutamate electrodes onto dendrites.
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FIGURE 1 | Glutamate processing in spiny neurons. (A)
Sparse glutamatergic inputs fail to activate extrasynaptic NMDA receptors located on dendritic shafts and spine necks. Ca 2+ influx zone (black contour) restricted to spine heads only. (B) Clustered synaptic activity is an effective stimulus for extrasynaptic NMDA receptors, because glutamate spilled from several neighboring synapses summates between active dendritic spines (glutamate confluence zone). Ca 2+ influx zone now contains the input receiving spines and a short segment of the dendritic shaft (black contour). (C) The gray contour represents a segment of a spiny dendrite. Glial processes (green cylinders) are interposed between dendritic spines. Darker green indicates less glutamate uptake in glial process, or release of glutamate from the glial process. For a period of time, an entire segment of the spiny dendrite is surrounded by extracellular matrix rich in glutamate ("glutamate pond") -marked by purple ellipsoid. The Ca 2+ influx zone now includes spines and dendritic shaft below spines. The Ca 2+ influx occurring proximally and distally to the clustered synaptic input site is due to bi-directional propagation of dendritic plateau potential, which initiated inside the glutamate pond. Inset traces: schematic representation of dendritic voltage waveforms associated with EPSPs, NMDA spikes, and plateau potentials.
The calcium-sensitive dyes (100-200 µM) were injected for 30-45 min before optical recordings.
DENDRITIC VOLTAGE AND CALCIUM IMAGING
Multi-site dendritic imaging was performed on either Olympus BX51WI or Zeiss, Axioskop FS microscope, equipped with UV-compatible 40× objective, two camera ports, and a lowripple Xenon arc lamp (OptiQuip, Highland Mills, NY, USA) for epi-illumination. Functional dendritic imaging was performed with a NeuroCCD camera (80 × 80 pixels, RedShirtImaging, LLC, Decatur, GA, USA). Voltage-sensitive dye signals were sampled at 1,000 and 500 Hz frame rates. At these sampling rates the AP voltage waveforms riding on top of dendritic plateau potentials were severely under sampled. However, in this project we were focused on the slow component of dendritic depolarizations, which was accurately represented at these sampling rates ( Figure 3B , ROI). Calcium-dye signals were sampled at 500 Hz full frame rate. Neutral density filters were used to reduce the intensity of epi-illumination light during positioning and focusing. Duration of illumination epochs were kept to minimum: Ca 2+ imaging 2,500-5,000 ms; voltage imaging 500-2,500 ms. In spite of all precautions, after ∼16 optical recording sweeps, on average, neurons began to show an increase in AP halfwidth due to phototoxicity (Antic et al., 1999) . At that point experiments were stopped. Optical filters were purchased from Chroma Technology (Rockingham, VT, USA) and Omega Optical (Brattleboro, VT, USA). Filters for Alexa Fluor 594 were a Chroma exciter HQ580/20× (570-590 nm bandpass), dichroic Q595LP, and emitter HQ630/60 m (600-660 nm bandpass). The filter cube for Ca-Green-1 and Oregon Green BAPTA-1 contained an Omega exciter 500AF25, dichroic 525DRLP, and emitter 530ALP. The filter set for voltage imaging (JPW-3028) consisted of a Chroma exciter D510/60 (480-540 nm bandpass), dichroic 570dcxru, and emitter E600lp (600 nm longpass). The filter cube for bis-fura-2 contained a Chroma exciter D380/30× (365-395 nm bandpass), dichroic 400dclp, and emitter E470lp (470 nm longpass).
STIMULATIONS
Stimulation electrodes were pulled from borosilicate glass with filament (1.5 mm outer diameter). Synaptic stimulation pipettes (7 MΩ) were filled with regular ACSF and glutamate stimulation pipettes (40-50 MΩ) were filled with 200 mM Na-glutamate (pH = 9). A programmable stimulator, Master-8, and a stimulus isolation unit, IsoFlex (A.M.P.I., Jerusalem, Israel), were used to generate current pulses for both synaptic stimulation and glutamate iontophoresis. Following the spread of fluorescent dyes into the dendrites, the stimulation pipettes were positioned in mid-regions of basal branches; between 65 and 130 µm from the www.frontiersin.org cell body. Navigation of the flexible glass pipettes through the slice tissue was achieved with the aid of a "fourth axis" (concomitant engagement of both X and Z axis), available on Sutter Instruments M-285 motorized micromanipulator. The intensities of current pulses for synaptic stimulation (two to five pulses, 50 Hz, 100 µs, 50-90 µA), or of single glutamate microiontophoresis puffs (5 ms, 0.9-2.5 µA), were adjusted to produce a long-lasting somatic depolarization (half-width 200-500 ms) crowned by two to six APs (UP-state-like depolarization). The reported stimulation current intensities are nominal values obtained from the IsoFlex settings.
DATA ANALYSIS
Analysis of optical data, including spatial averaging, high pass, and low pass filtering, was conducted with Neuroplex 8.0.0 (RedShirtImaging). To process off-line calcium imaging data, we applied a Butterworth high pass filter at 0.1 Hz cut-off and a Gaussian low pass filter at 30 Hz cut-off; for voltage imaging data, the high and low pass filters were set at Butterworth 0.1 Hz and Gaussian 150 Hz, unless otherwise specified. Electrical recordings were analyzed in Clampfit 9 (Molecular Devices, Sunnyvale, CA, USA). Plateau amplitude, also termed "amplitude of the slow component of the somatic depolarization," was measured from base line (resting membrane potential) to the shoulder following AP burst ( Figure 3D , plateau amplitude). If the depolarization "shoulder" was masked by APs, plateau amplitude was measured from base line to the trough between the last two APs in the burst. Plateau amplitude in TTX-treated neurons was measured in the last 1/4 of the plateau phase, to avoid the broad peaks that were often prominent in the first half of the plateau phase ( Figure 2B , Inset, red trace). Plateau duration was measured at half amplitude of the slow component of somatic depolarization ( Figure 3D , plateau amplitude). The success rate of plateau initiation was systematically studied in five pyramidal neurons by delivering synaptic shocks on multiple basal dendrites. Synaptically evoked plateau depolarizations with amplitude less than 8 mV, or duration less than 100 ms, were considered failures. In experiments with TTX, the neurons were stimulated with three glutamate pulses (1 Hz). In the paired t -test analysis of the TTX data the first glutamate pulse in control condition (before TTX) was compared with the first glutamate pulse in the test condition (after TTX). The same was done for the second and third glutamate pulses, respectively. Experimental data on the summation of subthreshold plateau potentials (Figure 10 ) was divided in three groups. In the first group termed "Two Small Resulting in no AP" (Figure 10A ), each summand in the summation experiment was less than 10.2 mV before summation (the full range of peak amplitudes in this group was from 4.2 to 10.2 mV). The critical criteria for sorting data into this group were that both summands in each pair of summands were in the lower part of the amplitude range (less than 10.2 mV), and that somatic APs were not generated upon summation. This strategy resulted in the formation of a group in which the average arithmetic sum of summand pairs was only 14.8 ± 0.74 mV (n = 13 experiments). The entire group, consisting of all plateau amplitudes before summation, is plotted in Figure 10D , Small no AP. In the second group termed "Two Large Resulting in no AP," all individual summands had a peak amplitude greater than 8.4 mV before summation, and somatic APs were not generated ( Figure 10B ). This strategy resulted in the formation of the second data group in which the average arithmetic sum of summand pairs was 21.7 ± 0.67 mV (n = 16 experiments). The full range of peak amplitudes in the second group was from 8.4 to 18.2 mV ( Figure 10D , Large no AP). In the third group termed "Two Large Resulting in 1 or 2 AP," all individual summands had a peak amplitude greater than 7 mV (range 7.1-18.8 mV). The average arithmetic sum of summand pairs in the third group was 22.6 ± 0.96 mV (n = 25 experiments). The critical criterion for sorting data into the third group was that one or two APs accompanied the physiological sum ( Figure 10C) . The entire group 3, including all plateau amplitudes before summation, is plotted in Figure 10D , Large Resulting in APs. Statistical tests were performed using SigmaPlot 8.02 (Systat Software, San Jose, CA, USA). All statistics were done on raw data points before normalization unless otherwise specified. Paired Student's t -tests were used for comparing data obtained from the same neuron (in two different conditions). Unpaired Student's t -test was used for data obtained from different neurons. Significance was set at p < 0.05 (one asterisk), and high significance at p < 0.01 (two asterisks). Values are presented as mean ± SEM.
RESULTS
COMPARISONS BETWEEN NMDA SPIKES AND PLATEAU POTENTIALS
We studied glutamate-mediated dendritic spikes in layer 5 pyramidal neurons using a combination of whole-cell recordings, synaptic stimulation, glutamate microiontophoresis, calcium imaging, and voltage-sensitive dye imaging. Dendritic NMDA spikes were triggered by two synaptic shocks (50 Hz) delivered in the vicinity of basal dendrites (Figure 2A , Drawing). Synaptically evoked dendritic NMDA spikes had an average amplitude of 9.3 ± 0.4 mV (n = 12 neurons, N = 27 trials), when measured with patch electrodes in the soma (Figure 2A, patch) . Increasing the number of synaptic shocks from two to five caused a dramatic qualitative change in the voltage waveform. A train of five synaptic shocks (50 Hz) triggered plateau potentials, characterized with a rapid onset, somatic amplitude of (15.7 ± 0.9 mV), and plateau phase which lasted 260 ± 27 ms (n = 35 trials in 15 neurons), followed by a rapid collapse back to the resting membrane potential ( Figure 2B ). Success rates of NMDA spike and plateau potential initiations were systematically studied in five pyramidal neurons by delivering synaptic shocks on multiple basal dendrites. While the NMDA spike initiation was successful in ∼100% of dendrites tested (19 out of 20 dendrites), the success rate of synaptically evoked plateau potentials was notably lower, ∼37% (7 out of 19 dendrites). Nevertheless, the successful recordings of plateau potentials ( Figure 2B) show that synaptic terminals activated by a single electrode can release a sufficient amount of glutamate to depolarize pyramidal neurons for hundreds of milliseconds and generate bursts of AP firing. An equivalent depolarization plateau, characterized by 15-20 mV amplitude (slow component) and ∼300 ms duration was triggered by a single 5-ms iontophoretic pulse of glutamate delivered in the middle segment of a basal dendrite (65-130 µm from the soma) in all neurons tested in this way (n = 20, success rate = ∼100%; Figure 2B , Inset, blue trace).
Besides differences in voltage waveforms (Figures 2A,B , black traces), dendritic NMDA spikes, and dendritic plateau potentials may also differ in respect to the dendritic calcium transients (A,B) , black traces. Inset: glutamate iontophoresis (duration 5 ms) in mid segment of a basal dendrite produces a glutamate-evoked plateau potential (blue trace). Block of sodium channels by bath application of TTX revealed the underlying slow component (red trace). Red asterisk marks a TTX-induced increase in plateau amplitude. (C 1 ) Multi-site optical imaging reveals spatial distribution of calcium transients in two basal dendrites at the peak of the synaptically evoked NMDA spike. Ca 2+ signal amplitude is color-coded according to the scale shown superimposed on the trace. Traces: three ROIs (5-8 pixels spatially averaged) were selected for display. Note that Ca 2+ transient is absent from dendritic segments proximal (ROI 1) and distal (ROI 3) to the synaptic input site (ROI 2). (C 2 ) Somatic whole-cell recording (red) and dendritic calcium signal (black) are copied from (C 1 ) and superimposed. (D 1 ) Same as in (C 1 ), except glutamate iontophoresis (5 ms) was used to trigger dendritic plateau potential (duration ∼300 ms). Robust Ca 2+ transients are present proximally and distally to the glutamate input site (ROI 2). Note that Ca 2+ transients in ROI 1 and ROI 3 have different temporal dynamics than the transient obtained at the glutamate input site (ROI 2). (D 2 ) Same as in (C 2 ) except signals copied from (D 1 ).
that accompany them. To test this hypothesis, in the next series of experiments pyramidal neurons were injected with calciumsensitive dyes and calcium signals were sampled simultaneously from the entire length of a basal branch. Multi-site recordings provide a more complete account of the spatial aspect of dendritic physiology than laser scanning methods, which explore one dendritic spine at a time (Yasuda et al., 2003) , or one spine and one spot on the dendritic shaft in the immediate vicinity of that www.frontiersin.org spine (Chalifoux and Carter, 2011) . Wide-field calcium imaging revealed that during a synaptically evoked NMDA spike, dendritic segments proximal to the synaptic input site ( Figure 2C 1 , ROI 1), or distal to the input site ( Figure 2C 1 , ROI 3), did not experience any detectable changes in the internal calcium ion concentration (n = 11 out of 11 basal dendrites tested). The dendritic calcium influx was restricted to a very short dendritic segment, directly opposed to the synaptic stimulation electrode ( Figure 2C 1 , ROI 2). In these cells, the length of the dendritic segment experiencing an NMDA spike-associated calcium influx was on average 22.7 ± 2 µm (n = 11 basal dendrites in 11 neurons), consistent with glutamate-evoked NMDA spikes (Schiller et al., 2000; their Figure 1D ). Durations of dendritic calcium transients and corresponding somatic depolarizations were very similar ( Figure 2C 2 ). The ratio between dendritic calcium signal half-width and somatic voltage signal half-width was 1.38 ± 0.23 (n = 127 sweeps obtained in 11 cells), consistent with two-photon imaging data (Chalifoux and Carter, 2011) .
The same wide-field optical imaging method used for NMDA spikes ( Figure 2C ) was next used to characterize dendritic calcium influx during glutamate-evoked plateau potentials in basal dendrites. Brain slices were bathed in 1 µM TTX to remove the calcium influx due to backpropagating APs. Plateau potentials were triggered by iontophoretically ejecting glutamate (duration = 5 ms) in the middle segment of a basal dendrite. The temporal and spatial profiles of dendritic calcium transients during plateau potentials ( Figure 2D ) were very different from those observed during NMDA spikes ( Figure 2C ). The half-widths of dendritic calcium signals at the glutamate input site ( Figure 2D 2 , ROI 2, black trace) were on average 5.19 ± 0.4-fold (n = 8) greater than the half-widths of somatic voltage signals recorded by the patch pipette (red trace). In all neurons tested in this way (eight out of eight), dendritic segments proximal ( Figure 2D 1 , ROI 1), and distal ( Figure 2D 1 , ROI 3) to the glutamate input site experienced robust calcium transients. The durations of dendritic calcium transients outside the glutamate input site were similar to the duration of the voltage waveform obtained in the cell body ( Figure 2D 2 , compare ROI 1 and patch). More specifically, the ratio of the dendritic calcium signal half-width to the somatic voltage signal half-width was 1.63 ± 0.12 (n = 8) for dendritic segments 60 µm more distal to the glutamate input site and 1.37 ± 0.10 (n = 8) for dendritic segments 60 µm more proximal to the glutamate input site. These results show that dendritic NMDA spikes and dendritic plateau potentials can be distinguished based on three principle differences: (1) voltage waveforms in the cell body; (2) calcium dynamics at the glutamate input site; and (3) spatial distribution of calcium transients along the input receiving branch.
DENDRITIC UP STATES DRIVE SOMATIC DEPOLARIZED STATES
A step-wise increase in the amount of iontophoretically applied glutamate was used to model glutamatergic inputs that may be received by basal dendrites of PFC pyramidal neurons at different levels of afferent presynaptic activity ( Figure 3A) . Glutamate iontophoretic current was increased gradually in fixed increments (0.1 or 0.2 µA), while glutamate-evoked potentials were recorded simultaneously in cell body (patch) and in dendrites using voltage-sensitive dye ( Figure 3A , ROI). A transition from subthreshold to suprathreshold dendritic potential (dendritic spike) was invariably accompanied by somatic transition from subthreshold EPSP-like depolarization to plateau potential ( Figure 3A , brown trace). A further increase in glutamate stimulation intensity yielded very small increases in dendritic potential amplitude ( Figure 3A , voltage imaging), resembling an all-ornone mechanism (spike). Unlike axonal APs, which have precisely uniform durations (half-widths) determined by activation and inactivation kinetics of Na + and K + currents (Hodgkin and Huxley, 1952) , the durations (half-widths) of glutamate-evoked dendritic plateau potentials are not fixed by intrinsic membrane properties. The durations of dendritic plateau potentials are variable and increase as the intensity of the glutamatergic input increases (Milojkovic et al., 2005a; Major et al., 2008) . When basal dendrites transitioned from resting to a depolarized state ( Figure 3A , ROI, UP State), the cell bodies invariably responded to this transition by entering the sustained depolarized state ( Figure 3A , patch, UP State). Simultaneous dendritic (voltagesensitive dye) and somatic (whole-cell) recordings revealed that durations of dendritic plateau potentials (half-widths) were in strict correlation with durations of the corresponding somatic depolarizations ( Figure 3B ). The ratio of dendritic/somatic duration was 1.009 ± 0.006 (n = 184 sweeps in 33 neurons, correlation coefficient = 0.9876). In this data set we included 4 types of experiments: (1) glutamate-evoked plateau potentials with bursts of APs ( Figure 3A ) n = 79 sweeps obtained in 18 pyramidal neurons; (2) glutamate-evoked plateau potentials without APs (n = 28 sweeps in 7 cells); (3) synaptically evoked plateau potentials ( Figure 2B) , n = 15 sweeps in nine cells; and (4) glutamate-evoked plateau potentials in TTX ( Figure 2B , Inset, red trace), n = 62 sweeps in 11 cells. In each of these four groups, the correlation coefficient between dendritic and somatic voltage waveforms (half-width) was greater than 0.97. These data indicate that sustained depolarizations, observed in the cell body during glutamatergic or repetitive synaptic stimulation of basal dendrites, are nothing more than passive reflections of dendritic plateau potentials. What can be potentially interpreted as a neuronal UP state ( Figure 3A , patch, UP State) is actually a dendritic UP state ( Figure 3A , ROI, UP State) observed from the somatic recording site (Milojkovic et al., 2005a) .
Voltage-sensitive dyes are toxic and can influence the membrane currents of cortical pyramidal neurons (Antic et al., 1999) . In order to determine whether the toxic effect of voltagesensitive dyes caused or contributed to the physiological responses described in Figures 3A ,B, neurons were injected with the fluorescent marker rhodamine to guide the positioning of glutamate electrodes onto basal dendrites ( Figure 3C , image). Glutamate iontophoretic current was increased gradually in fixed increments (0.1 or 0.2 µA), while glutamate-evoked potentials were recorded in the cell body ( Figure 3C , patch). Similar inputoutput functions, including the transitions from subthreshold to suprathreshold depolarizations, were obtained in all rhodaminefilled neurons (five out of five). Plateau amplitude was quantified by measuring the depolarization amplitude after the last AP in the burst, while the plateau duration was measured at half amplitude ( Figure 3D ). The plot of somatic plateau amplitude versus intensity of dendritic glutamate stimulus showed that plateau amplitudes saturated at low glutamate intensities (Figure 3E) . Although the plateau amplitudes were fairly constant throughout a wide range of glutamate intensities ( Figure 3E , amplitude saturation), the plateau durations grew linearly with intensity of the dendritic glutamate stimulus ( Figure 3F) . A linear relationship was also detected between the intensity of glutamate stimulus and the number of APs that accompanied each plateau depolarization ( Figure 3G ). These data indicate that basal dendrites of PFC pyramidal neurons employ two strategies for coding the intensity of glutamatergic input received in a unit of time: (1) by the amplitude of the slow component of depolarization ( Figure 3E) ; and (2) by duration of the slow component of depolarization ( Figure 3F ).
IONIC BASIS OF THE DENDRITIC PLATEAU POTENTIAL
Application of the NMDA receptor blocker APV (50 µM) resulted in the loss of amplitude and shape of the glutamate-evoked plateau potential ( Figure 4A , compare black and red trace). In the presence of APV the amplitude of the slow somatic depolarization was reduced to 57.5 ± 6% (n = 7) compared to control measurements obtained in the same neuron ( Figure 4A , black trace). A paired t -test performed on raw data prior to normalization, determined a statistically significant difference in depolarization amplitudes obtained before and after application of NMDA receptor antagonists (p < 0.01, n = 7). The excitability of the cell body was not affected by application of APV, as determined by somatic current injections performed during each experimental trial ( Figure 4A , c.i.). These data indicate that glutamate-evoked plateau potentials are mediated by NMDA receptor channels.
Sodium channels in basal dendrites of cortical pyramidal neurons support the generation of fast dendritic spikes (Ariav et al., 2003; Milojkovic et al., 2005b) . To determine the contribution of Na + channels to the voltage waveforms of glutamate-evoked plateau potentials we stimulated basal dendrites with glutamate pulses (5 ms) before ( Figure 4B , black trace) and after bath application of the Na + channel antagonist TTX (1 µM; Figure 4B , red trace). TTX application caused an increase in plateau amplitude (mean amplitude ratio TTX/CTRL = 1.1 ± 0.03, n = 27 plateaus from nine cells). A paired t -test performed on raw data before normalization determined a statistically significant difference between plateau amplitudes measured in the same neuron before and after application of TTX (p < 0.01, n = 27). TTX application caused on average a ∼21% increase in plateau half-width (average halfwidth ratio TTX/CTRL = 1.21 ± 0.04, n = 27 plateaus from nine cells). Paired t -test performed on raw data before normalization determined a statistically significant difference between plateau durations measured in the same neuron before and after application of TTX (p < 0.001, n = 27). The paradoxical increase in amplitude and duration ( Figure 4B , compare black and red trace at the time point marked by "glut.") can be attributed to the loss of AP-induced K + currents (Bekkers, 2000; Korngreen and Sakmann, 2000; Schaefer et al., 2007) .
In the next series of experiments we tested whether the block of Na + current affects the dendritic input-output function. Glutamate iontophoretic current was increased gradually in fixed increments (0.1 or 0.2 µA), while glutamate-evoked potentials were recorded in the cell body before ( Figure 4C 1 ) and after application of TTX (1 µM; Figure 4C 2 ). The amplitudes of the slow component were normalized against the first suprathreshold amplitude in the control sequence ( Figure 4C 1 , blue trace, corresponding to 100%) and plotted versus the intensity of the glutamate stimulus ( Figure 4D ). For each dendrite tested before and after TTX, the transition from subthreshold to suprathreshold dendritic potential ("dendritic spike") occurred at the same glutamate intensity in both conditions (n = 4 dendrites in four neurons), marked by "0 µA" on the graph (Figure 4D) . The "control" and "TTX" dendritic input-output functions both exhibited a sigmoidal shape characterized by a clear saturation of the amplitude (Figure 4D) , except the peak amplitudes in TTX (red) were consistently greater than in control (black). In both conditions (control and TTX), there was a certain stimulus intensity at which generation of dendritic spike occurred (Figures 4C 1 ,C 2 , blue traces) . A further increase in glutamate stimulation intensity above the intensity required for generation of dendritic spike yielded very small increases in the amplitude of the somatic slow component (Figures 4C 1 ,C 2 ). In the absence of Na + currents, the durations of somatic plateau potentials increased as the intensity of the glutamatergic input increased (Figure 4C 2 ). These data indicate that voltage-gated Na + current is not necessary for the transition of dendritic and somatic potentials from Down to UP states.
DENDRITIC FUNCTION IN THE ABUNDANCE OF GLUTAMATE
It has been postulated that local regenerative membrane potentials underlie both phenomena; dendritic NMDA spikes (Schiller et al., 2000; Rhodes, 2006) and dendritic plateau potentials (Milojkovic et al., 2004) . The binding of two glutamate molecules converts the ligand-gated NMDA receptor channels into functional voltagegated channels (Mayer et al., 1984; Nowak et al., 1984) . Hyperpolarization, if employed for a sufficient period of time (hundreds of milliseconds) may affect the onset, amplitude, or duration of the NMDA current. Any alterations in dendritic plateau potential would be reflected in somatic voltage waveforms, as determined by voltage imaging (Figures 3A,B) . To test if negative voltages can interrupt or in some other way affect plateau potentials, a series of hyperpolarizing current pulses of variable intensities were injected in the middle of a glutamate-evoked plateau potential. Pulse durations were set at >100 ms to allow time for proper charging of the neuronal membrane. The somatic amplitude of hyperpolarization was set to exceed −100 mV. In four out of four neurons tested in this way (Figure 5A ), the plateau potentials were not affected by strong hyperpolarization pulses that reached ∼50 mV more negative than the resting potential ( Figure 5B) . After cessation of large negative pulses the somatic membrane potentials swiftly returned to the plateau level, as if hyperpolarizing pulses never occurred ( Figure 5B , Inset, black trace). Glutamate-evoked plateau potentials were completely insensitive to hyperpolarizing pulses even when glutamate pipettes were re-positioned to dendritic locations closer to the soma, the source of hyperpolarizing current ( Figure 5C) . We also applied hyperpolarizing pulses in different phases of the plateau potential (not shown) and found that neither amplitude nor duration of glutamate-evoked dendritic potential could be affected by somatic hyperpolarization to −100 mV (n = 4), consistent with Major et al. (2008) .
To investigate if hyperpolarizing pulses injected in the soma affect the membrane potential in basal dendrites, we filled pyramidal neurons with voltage-sensitive dyes ( Figure 5D ) and recorded hyperpolarizing dendritic potentials at multiple sites along basal branches ( Figure 5E ). Despite low sensitivity of voltage-sensitive dye recordings (∼4% for 100 mV change), we were able to detect hyperpolarizing voltage pulses (−25 to −35 mV amplitude at soma) in dendritic segments 140-200 µm away from the soma (Figure 5F , 202 µm), in four out of four pyramidal neurons tested in this way. These data suggest that somatic injections of hyperpolarizing current affect the membrane potential in basal dendrites. The failure of hyperpolarizing somatic pulses to change the amplitude or the duration of dendritic plateau potentials is consistent with the model presented in Figure 1C . Dendritic plateau potentials occur only if dendritic shafts and associated extrasynaptic NMDA receptors are surrounded by a surplus of glutamate ions ( Figure 1C, glutamate pond) . During an intense glutamatergic drive, with both AMPA and NMDA receptors saturated in synaptic and extrasynaptic surfaces, the input receiving dendritic segment is clamped to the glutamate reversal potential (∼0 mV). Upon cessation of the hyperpolarizing pulse the dendritic membrane potential promptly returns to 0 mV, which restores the supply of depolarizing current to the soma ( Figure 5B , Inset, black trace). These data also suggest that chemical summation of glutamate in a confined space ( Figure 1C ) may not only be responsible for the initiation (Major et al., 2008) , but also for the maintenance of the plateau phase during glutamate-mediated plateau potentials. That is, the neuron remains in a sustained depolarized state (UP state) as long as one of its basal dendrites is surrounded by a group of glial processes that have stopped absorbing glutamate ( Figure 1C , dark green glia).
PLATEAU DEPOLARIZATIONS IN NEURONAL COMPARTMENTS WITHOUT SPINES
The somatic and perisomatic membranes of cortical pyramidal neurons contain functional NMDA receptors (Dodt et al., 1998) . Because there are no synaptic contacts or postsynaptic densities on the cell bodies and in the proximal 30 µm of basal dendrites (Larkman, 1991) , all somatic and perisomatic NMDA receptors can be considered extrasynaptic. To test if activation of extrasynaptic NMDA receptors is sufficient for the initiation of glutamate-mediated plateau potentials, glutamate-filled micropipettes were positioned ∼10 µm from the lateral edge of the cell body (Figure 6A 1 ), also depicted in (Moore et al., 2011) , their Figure 1 . In all neurons treated this way (three out of three) glutamate pulses (5 ms duration) triggered plateau potentials lasting several hundred milliseconds (Figure 6A 2 ) . In order to compare the glutamate excitability of cell body and basal dendrites, in the next series of experiments plateau potentials were first evoked by glutamate microiontophoresis on basal dendrites (Figure 6B 1 , loc.  1 ). The same glutamate electrode was then positioned ∼10 µm near the soma (Figure 6B 1 , loc. 2) . In four neurons we kept the www.frontiersin.org duration and intensity of glutamate iontophoretic pulse fixed at both locations, which allowed us to make quantitative comparisons. For the same glutamatergic stimulus, the ratio between somatic, and dendritic plateau was 0.91 ± 0.06 for amplitude and 0.106 ± 0.08 for duration (half-width), n = 17 measurements in four cells. In other words, 5-ms glutamate pulses were successful at maintaining the cell in a sustained depolarized state when applied on the cell body, as they were on spiny segments of basal dendrites (Figures 6B 2 ,B 3 ) . A major concern in these experiments was a potential spill of glutamate from the somatic stimulation site onto the neighboring dendrites. To determine how far glutamate can diffuse from the ejection site, the tips of glutamate iontophoretic electrodes were first positioned 5-10 µm from the shafts of visually identified basal dendrites (Figure 6C 1 ) , and the glutamate pipette was gradually retracted from the dendrite. Before the beginning of the pipette withdrawal procedure, the intensity of the glutamate iontophoretic current was adjusted so that a single 5-ms-long glutamate pulse triggered a somatic plateau potential (half-width, ∼100 ms). With the iontophoretic current fixed at this value, the glutamate pipette was retracted in micrometer steps ( Figure 6C 2 ) . At each stop, a glutamate pulse was re-applied and somatic response was recorded (Figure 6C 3 ) . At an average distance of 22.6 ± 2.5 µm (n = 13) the plateau potential was less than 50% of the initial value (at 0 µm). Since the initial 30 µm of basal dendrites are virtually spineless (Larkman, 1991; Ballesteros-Yanez et al., 2006) , these data indicate that during somatic stimulations (Figures 6A,B) the dendritic spines were not involved in the initiation of plateau potentials. That is, the NMDA receptors located on the cell body and on the shafts of proximal dendritic segments (extrasynaptic NMDA receptors) can support glutamate plateau potentials.
PERSISTENT ACTIVITY MADE FROM PLATEAU POTENTIALS
To investigate how temporal summation of glutamate-evoked plateau potentials may contribute to the neuronal AP output, glutamate-filled micropipettes were positioned in middle Frontiers in Physiology | Membrane Physiology and Biophysics segments of basilar branches and glutamate was iontophoretically released for 5 ms, every second (eight glutamate pulses per train). In some experiments, the train of eight glutamate pulses was preceded by simple current injection into the soma (duration = 250 ms) to monitor neuronal integrity (Figure 7A 1 , c.i.). In these experiments, the starting intensity of glutamate stimulus was adjusted to trigger an event that was suprathreshold for both the dendrite (dendritic plateau potential) and the soma (somatic APs, Figures 3A,C, UP state) . At lower glutamate stimulation intensities, each glutamate pulse produced an isolated event consisting of a sustained somatic depolarization accompanied by a burst of APs riding on top of the plateau depolarization ( Figure 7A 1 ). Between glutamate pulses the membrane potential promptly returned to the resting level ( Figures 7A 1 -A 3 ) . The rapid rise of the glutamate-evoked plateau potential and the rapid collapse at the end of its plateau phase, together with uniform amplitudes and durations of individual depolarizing events, are reminiscent of UP states that occur in cortical pyramidal neurons www.frontiersin.org during slow wave sleep (Cowan and Wilson, 1994; Branchereau et al., 1996; Lewis and O'Donnell, 2000) . Closer inspection of whole-cell recordings ( Figure 7B 1 ) as well as quantification of these data (Figure 7B 2 ), revealed a tendency for the duration (but not the amplitude) to increase with the sequential order of the glutamate pulse. On average, each subsequent plateau was longer than the previous (Figure 7B 2 ). Paired t -tests performed on the raw measurements before normalization detected significant differences between the first plateau ( Figure 7B 1 , red) and each subsequent plateau in the train (Figure 7B 1 , black 2-8) . The progressive increase in plateau half-width (Figure 7B 2 ), especially prominent at higher glutamate stimulation intensities (Figures 7A 2 ,A 3 ), suggests that residual glutamate was slowly increasing with repetitive glutamatergic input. The ability of glia to eliminate the focally released glutamate was diminished immediately following the first plateau (note the statistically significant difference between the first and the second plateau; Figure 7B 2 ). Glutamate slowly accumulates in the extrasynaptic space on each following stimulus 2-8, resulting in a statistically significant difference between the first event and all subsequent events in a train (Figure 7B 2 , asterisks) . These data suggested that the glutamate uptake and glutamate diffusion mechanisms failed to completely eliminate the residual glutamate.
RESIDUAL GLUTAMATE
We next asked if stronger glutamatergic stimuli impose a greater burden on glutamate elimination than weaker stimuli. For this purpose, two trains consisting of eight glutamate pulses were delivered on the same dendrite. Following the first train ( Figure 7C 1 , red trace), the intensity of iontophoretic current was decreased in order to reduce plateau duration by ∼50% (Figure 7C 1 , black trace). The relative increases in plateau duration for traces with "long" plateaus ( Figure 7C 1 , red trace) were significantly greater than for the traces with "brief " plateaus ( Figure 7C 1 , black trace) . Statistically significant differences were detected on the fifth, sixth, seventh, and eighth event in the train (Figure 7C 2 , asterisks) . These data suggested that glutamate uptake and glutamate diffusion mechanisms are less effective in eliminating the residual glutamate for stronger glutamate stimulation intensities.
The previous experiments showed that the duration of glutamate-evoked plateau increases with subsequent applications of glutamate on basal dendrites. Does this phenomenon occur if the plateau was not accompanied by bursts of APs? To answer this question we applied glutamate trains (1 Hz) at distal dendritic segments (range 90-125 µm path distance from the soma, n = 14). At these stimulation sites, the dendritic plateau potentials often fail to trigger the somatic APs (Milojkovic et al., 2004; Major et al., 2008 ). In all neurons tested in this way (n = 14) we found a progressive increase in plateau duration (Figure 7D 1 ). For example, the duration of plateau #8 (the eighth event in the sequence) was on average 130 ± 2.2% of the initial plateau (plateau #1, n = 14; Figure 7D 2 ). This relative increase was very similar to the one obtained for plateaus accompanied by bursts of APs, 129 ± 4.1%; n = 23 (Figures 7B 1 ,B 2 ). These data indicate that intrinsic membrane currents activated during AP burst firing are not responsible for the observed increase in plateau duration with subsequent glutamate applications.
FUSION OF PLATEAU POTENTIALS
In the previous experiments we varied the intensity of the glutamate stimulus while keeping the frequency of glutamate pulses fixed between trials (Figure 7A 1 ). In the next series of experiments, we varied the interval between glutamate pulses in order to mimic increasing levels of cortical afferent activity arriving at the basilar dendritic tree. Decreasing the interval between glutamate pulses caused the duration of plateau potentials to increase with the sequential order of glutamate pulse in the train (Figure 8A) , suggesting that residual glutamate slowly accumulates in the extracellular matrix surrounding NMDA receptors. Decreasing the interval between glutamate pulses caused plateau depolarizations to fuse into a continuous UP state ( Figure 8B) . In three out of three neurons tested in this way, the gradual fusion of glutamate plateau potentials (slow component) did not immediately result in a continuous train of APs. Instead, we observed apparent interruptions in AP firing in between individual glutamate pulses ( Figure 8B, arrows) , suggesting that pyramidal neurons can distinguish between bursts of electrical activity associated with individual glutamate-evoked dendritic plateau potentials even when their slow components are completely fused. However, this information became lost at higher stimulation frequencies, as further reduction in inter-pulse interval produced an uninterrupted train of APs (Figure 8C) , reminiscent of persistent neuronal activity in the awake cortex (Timofeev et al., 2001 ).
SPATIAL SUMMATION OF PLATEAU POTENTIALS
Layer 5 pyramidal neurons in the rat PFC typically contain three to eight primary basal dendrites and many more secondary and tertiary basal branches (Zhou et al., 2008, their Figure 10 ). With thousands of synaptic contacts distributed on the basilar dendritic tree (Larkman, 1991; Benavides-Piccione et al., 2006) , it is likely that two or more basal dendrites can experience glutamatedependent plateau potentials at the same moment of time. To study integration of dendritic plateau potentials, neurons were filled with fluorescent dyes ( Figure 9A ) and two glutamatefilled micropipettes were positioned in middle segments of two basal branches ( Figure 9B) . Glutamate was released for 5 ms from either micropipette (Figure 9C, 1 or 2) and from both micropipettes at the same time ("1 + 2"). In order to determine the specificity of glutamate input onto one dendritic branch, experiments were initially performed in combination with simultaneous multi-site calcium imaging at 200 Hz frame rate (Antic, 2003) . Every time an individual glutamate pulse resulted in somatic plateau depolarization, as detected in whole-cell recording (patch), there was an associated long-lasting calcium plateau at the glutamate input site; depicted in Figures 2D 1 ,D 2 . The duration of the dendritic calcium plateau was not determined by the duration of the corresponding voltage plateau, as calcium plateaus always persisted after the collapse of somatic plateau potential (Figure 9D 1 , vertical dashed line) . Regardless of the stimulating electrode used (1 or 2), in each experimental trial the calcium plateau was restricted to one basal branch (Figures 9D 1 ,D 2 , plat.), indicating that focally applied glutamate did not diffuse from one dendrite to another. Unstimulated basal branches also experienced some calcium influx during plateau potentials; however,
FIGURE 7 | Progressive increases in plateau durations during repetitive glutamatergic stimulations. (A 1 )
Glutamate pulses (duration = 5 ms) were delivered on the basal dendrite and evoked potentials were recorded in the soma. Prior to a train of eight glutamate pulses, the cell body was injected with depolarizing current to monitor neuronal intrinsic membrane excitability (current injection, c.i.). In subsequent sweeps (A 2 ,A 3 ), the intensity of glutamate current was gradually increased, as indicated below the trace. (B 1 ) The first plateau (1) is superimposed with each subsequent plateau in the train (2-8). (B 2 ) Plateau half-widths (durations) were normalized against the first plateau in the train (1), averaged across 23 trains obtained in nine neurons, and plotted versus the chronological order of the glutamate pulse. * Paired t -test, p < 0.01, compared to the initial plateau 1. [(C 1 ) Red trace: eight glutamate pulses; duration = 5 ms each] were delivered on one basal dendrite and evoked potentials were recorded in the soma. The stimulus intensity was then reduced to shorten the duration of plateaus by ∼50% (black trace). (C 2 ) Red graph: plateau durations were normalized against the first plateau in the sequence and averaged across 12 cells using traces with long plateaus (∼500 ms). Black graph: traces with brief plateaus (∼250 ms) from the same 12 cells were normalized and averaged. * p < 0.05, the corresponding plateaus were compared using paired t -test. (D 1 ) Same experimental setting as in (A 1 ) except plateau depolarizations did not trigger somatic action potentials. Inset: the first and the eighth plateaus are superimposed on a faster time scale. (D 2 ) Plateau durations were normalized against the first plateau in the sequence and averaged across 14 cells using traces with 8 spikeless plateaus.
these calcium transients were smaller in amplitude and drastically shorter in duration (Figures 9D,E, AP) . The peaks of smaller transients coincided with somatic APs in every sweep of every neuron tested in this way (n = 16 sweeps in three neurons). These calcium imaging data provide evidence that during paired (1 + 2) glutamate stimulations, the glutamate-evoked dendritic plateau potentials ( Figure 2B ) originate in two distinct branches (and no more) and summate in the cell body (Figure 9D 3 ).
In the remainder of this paper we will quantify the summation of subthreshold and suprathreshold glutamate-evoked potentials arriving from two basal branches. All of the summands were active dendritic spikes -plateau potentials (suprathreshold in dendrite). The terms sub-and supra-threshold hereafter refer to the ability of an individual dendritic plateau potential to trigger somatic APs on its own; before the summation. An example of a subthreshold plateau is shown in Figure 7D 1 . An example of a suprathreshold plateau is shown in Figure 7B 1 .
SPATIAL SUMMATION OF SUBTHRESHOLD PLATEAU POTENTIALS
To study the integration of subthreshold plateau potentials, neurons were filled with fluorescent dyes and two glutamate-filled micropipettes were positioned in middle segments of two basal branches ( Figure 9B) . Glutamate was released for 5 ms from either micropipette (1 or 2) and from both micropipettes at the same time ("1 + 2"), as depicted schematically by three drawings on the top of Figure 10 . Based on the amplitudes of individual plateau potentials before summation ("Summand 1" or "Summand 2"), the experimental data was divided into 3 groups: "Two Small Resulting in no AP"; "Two Large Resulting in no AP;" and "Two Large Resulting in 1 or 2 APs."
When both summands ("1" or "2") were small (as defined in Materials and Methods), their physiological sum in the cell body was similar in amplitude to their arithmetic sum ( Figure 10A) ; the summation was linear. Thirteen such experiments carried out in four neurons were quantified, normalized against their corresponding arithmetic sums, averaged, and displayed in the www.frontiersin.org bar diagram (Figure 10E 1 ) . The average summand amplitude in the "Small no AP" group was 7.4 ± 0.35 mV (n = 26 summands in 13 pairs). The distribution of the plateau amplitudes before summation is plotted in (Figure 10D , Small no AP).
When both summands were large (as defined in the Materials and Methods), their physiological sum in the cell body was less than their arithmetic sum ( Figure 10B) . Sixteen experiments from three neurons were quantified and displayed in the bar diagram (Figure 10E 2 ). Because the actual sum was considerably less than the arithmetic sum (Figure 10E 2 ), the summation process was characterized as "sublinear." The summation process in group "Large no AP" was inherently different from the summation process in group"Small no AP"; confirmed by a comparison of the relative amplitudes after normalization ( Figure 10E , asterisk, unpaired, p < 0.01). The average amplitude of all summands in the "Large no AP"group was 10.8 ± 0.39 mV (n = 32 summands). The distribution of the summand amplitudes in this group is plotted in (Figure 10D , Large no AP).
If both summands were sufficiently large so that their summation resulted in the somatic plateau depolarization accompanied by 1 or 2 APs, again the amplitude of the actual slow component in the cell body was less than the arithmetic sum of two individual dendritic plateaus (sublinear summation; Figure 10C ). Twentyfive such experiments from seven neurons were quantified and displayed in the bar diagram (Figure 10E 3 ). The average summand amplitude in this group was 11.3 ± 0.44 mV (n = 50 summands, Figure 10D , Large Resulting in APs).
In summary, these data show that "small" plateau potentials (both small, see Materials and Methods) summate linearly in the cell body (Figure 10E 1 ). Larger plateaus, on the other hand, summate sublinearly -their physiological sum is always less than expected from a simple arithmetic summation (Figure 10E 2 ) . The presence of somatic AP firing did not change the outcome of summation, as determined by unpaired t -test (Figure 10E 3 , "#," p > 0.05).
SPATIAL SUMMATION OF SUPRATHRESHOLD PLATEAU POTENTIALS
The parameters of glutamatergic inputs (dendritic location, iontophoretic current intensity, pulse duration) were adjusted so that each dendritic potential by itself brings the cell body into an UP state crowned with AP firing (e.g., Figure 7B 1 ). When two such dendritic UP states collide in the cell body ( Figure 11B , black trace), the amplitude of somatic plateau depolarization (plateau amplitude as defined in the Materials and Methods) is not greater than the individual components, glut. 1 or glut. 2 ( Figure 11B , blue and red trace). When two dendritic UP states collide in the cell body, the duration of the resulting somatic plateau depolarization (plateau duration) is not greater than the Figures 11B-D . The only somatic parameter that seemed to reflect the co-occurrence of two suprathreshold dendritic plateau potentials in the basilar dendritic tree was the frequency of AP firing. The cell bodies of layer 5 pyramidal neurons fired a greater number of APs during the simultaneous occurrence of two plateaus than during each dendritic plateau potential alone ( Figure 11D) . However, the summation of spike numbers was still sublinear. For example, a five-spike potential (in response to glut. 1) and six-spike potential (glut. 2), when triggered together generated eight spikes ( Figure 11D, black trace) , which is only 75% of what should be expected if spike numbers were additive biophysical parameters www.frontiersin.org FIGURE 10 | Summation of plateau potentials in the absence of somatic AP firing. (A) Blue trace: somatic recording of a plateau potential evoked by a 5-ms application of glutamate on the left basal branch, as schematically depicted by the drawing above the blue trace. Red trace: somatic recording of a plateau potential evoked by a 5-ms application of glutamate on the right basal branch, as schematically depicted in the drawing above the red trace. Note that each summand is "small," as defined in Section "Materials and Methods." Black trace: somatic depolarization resulting from glutamatergic stimulation of both dendrites at the same time, as depicted in the drawing above the black trace. Arithmetic sum: the dashed horizontal red line indicates the arithmetic sum of blue and red trace. (B) Same as in (A) except both summands (blue and red) are "large," as defined in Section "Materials and Methods." (C) Same as in (B) except summation resulted in AP firing (truncated). (D) Peak amplitudes of each summand (before summation) separated in three groups using criteria explained in Section "Materials and Methods." (E) The amplitude of the actual depolarization (black trace) was divided by the corresponding arithmetic sum, and averaged across all experiments within one group. The name of the data group, number of cells (n) and the number of experiments (exp) are shown below each pair of bars. The dashed horizontal gray line marks the expected value if summation of two dendritic plateau potentials were perfectly linear. * p < 0.05 (unpaired t -test). #p > 0.05.
(5 + 6 = 11). Two individual plateau potentials coming from two basal branches at the same moment of time integrate in such a manner that the number of APs generated per plateau is greater than the number generated from either individual component on its own (Figure 11E, #APs) . Quantification of data obtained in nine pyramidal neurons ( Figure 11E ) was performed by normalizing plateau amplitudes, plateau durations, and spike numbers per plateau (glut. 1 or glut. 2) against values obtained when 1 and 2 were paired. The numbers were arranged so that smaller amplitudes, shorter durations, and fewer APs per plateau were always named glut. 1 (Figure 11E, blue columns) , and larger ones were always named glut. 2 ( Figure 11E, red columns) . This was done to emphasize that smaller and shorter plateau potentials ( Figure 11D , Inset, blue trace) are eclipsed by larger and longer plateaus (red trace), when paired together (black trace). In other words, from the point of the somatic voltage change (i.e., slow component), a smaller or shorter plateau potential is completely invisible if co-occurring with a larger and longer plateau potential. It must be noted that this conclusion applies only if two dendritic plateaus are perfectly aligned in time. If one plateau begins sooner or ends later than the plateau arriving from the other basal dendrite, these timing discrepancies will be detected in the somatic voltage waveform. The average duration of paired stimulations, "1 + 2" (Figure 11E , duration, white column) was slightly greater than the duration of the individual (longer) plateau in the pair ("2," red column). This is because in some experiments the rise of the shorter plateau (blue column) was faster than the rise of the longer plateau (red column), as shown in Figure 9C (the rise of the blue trace precedes the rise of the red trace). When two individual plateau potentials coming from two basal branches are not perfectly synchronized, then they integrate in such a way that the cell body is maintained in a depolarized UP state for a longer period of time than either individual component would do on its own (Figure 9E 2 ). Although it may appear from the graph in Figure 11E that both plateau duration and the AP count increase by summation, these gains are made for different reasons. The gains in duration ( Figure 11E , duration) only occur if the summating plateau potentials are not perfectly synchronous. The gains in the number of APs (Figure 11E , #APs) occur regardless of whether or not the two summating plateaus are perfectly synchronous in rise and decline.
DISCUSSION
The experiments based on two-photon imaging of a spine and its adjacent dendritic shaft unequivocally showed that extrasynaptic NMDA receptors are activated during synaptically evoked NMDA spikes (Chalifoux and Carter, 2011) . If two synaptic inputs at 50 Hz (Figure 2A ) activated extrasynaptic receptors via glutamate spillover (Chalifoux and Carter, 2011) , then five of such synaptic inputs would cause even stronger activation of extrasynaptic NMDA receptors, as the amount of glutamate released by five shocks exceeds that released by two synaptic shocks. Five synaptic stimulations produced dendritic plateau potentials ( Figure 2B) . Therefore, dendritic NMDA spikes (Polsky et al., 2004; Chalifoux and Carter, 2011) and dendritic plateau potentials (Milojkovic et al., 2004 (Milojkovic et al., , 2005a represent two characteristic physiological states involving the activation of extrasynaptic NMDA receptors. Although their cellular mechanisms are essentially the same: (1) clustered glutamatergic inputs in space and time (Larkum and Nevian, 2008; Magee, 2011) , (2) failure of glial processes to clear the surplus of glutamate (Suzuki et al., 2008; Chalifoux and Carter, 2011) , and (3) activation of extrasynaptic NMDA receptors (Tovar and Westbrook, 1999; Harris and Pettit, 2007) , these two signals (NMDA spike and plateau potential) still represent two qualitatively different events in dendritic integration (Figures 2A,B) .
Our emphasis on physiological differences between NMDA spikes (Polsky et al., 2004; Chalifoux and Carter, 2011) and plateau potentials (Wei et al., 2001; Milojkovic et al., 2004 Milojkovic et al., , 2005a Suzuki et al., 2008) are based on side-by-side comparison of these two potentials in the basal dendrites of L5 pyramidal neurons in the rat PFC. We have shown that dendritic NMDA spikes and dendritic plateau potentials differ by two fundamental physiological properties: (1) voltage waveform and (2) calcium influx. The NMDA spikes are predominantly subthreshold events at the cell body that resemble pointy EPSPs (Figure 2A, Inset) . Synaptically evoked dendritic plateau potentials are endowed with much larger depolarization amplitudes that reach the threshold for AP firing ( Figure 2B) . Furthermore, plateau potentials last much longer than NMDA spikes, providing stable depolarizations of the cell body for several hundred milliseconds. The calcium influx associated with an NMDA spike is restricted to a very narrow dendritic segment; ∼20 µm in length ( Figure 2C) . A dendritic plateau potential, in contrast, triggers a massive calcium influx at the glutamate input site and very substantial calcium signals in the remainder of the dendrite ( Figure 2D ). The massive calcium plateau at the input site is mediated by NMDA receptor channels Major et al., 2008) , while calcium signals in the remainder of the input receiving dendrite are mediated by bi-directional propagation of the dendritic plateau potential (Milojkovic et al., 2004 (Milojkovic et al., , 2005a . Overall, dendritic NMDA spikes and dendritic plateau potentials are two distinct outcomes of dendritic processing of glutamatergic inputs in thin dendrites of cortical pyramidal neurons, potentially having distinct functional roles in dendritic plasticity, synaptic plasticity, and information processing (Antic et al., 2010) . For example, slow dendritic dynamics are necessary for the stabilization of network activity bumps in noisy networks (Morita, 2008; Kurashige and Cateau, 2011) . "Slow dendritic dynamics" is embodied in the plateau phase of the glutamate-mediated plateau potential, while the voltage waveform of the NMDA spike clearly lacks this plateau phase (Figure 2A , blue trace).
GLUTAMATE POND
Dendritic NMDA spikes were thought to be regenerative membrane potentials (spikes) carried by the negative slope conductance of the NMDA receptor current (Mayer et al., 1984; Nowak et al., 1984) . The experimental proof of dendritic regenerative properties was based on somatic recordings (Schiller et al., 2000; Major et al., 2008) . We have shown that the dendritic membrane potential actually exhibits the characteristic transition from subthreshold potential to spike in the presence of TTX (Milojkovic et al., 2005a) , their Figure 8 ) and in drug-free saline (Figure 3A , ROI). At the same instant of time when a basal dendrite jumps from a subthreshold to a plateau potential, the somatic membrane potential invariably jumps from subthreshold to plateau potential ( Figure 3A, brown trace) . The slow component of the somatic voltage waveform of cortical pyramidal neurons is nothing more than a reflection of the glutamatergic integration event occurring somewhere in the dendritic tree (Milojkovic et al., 2005a; Antic et al., 2007) . Simply, the cell body is in DOWN state if the dendrite is in DOWN state. When the dendrite transitions from DOWN to UP state, the cell body passively follows, by transitioning from www.frontiersin.org DOWN to UP state (Figures 3A,B) . The ability of thin dendritic branches to deliver sustained depolarizing current to the soma was firmly established in experiments that combined somatic recordings with dendritic imaging (Oakley et al., 2001; Wei et al., 2001; Cai et al., 2004; Milojkovic et al., 2004; Major et al., 2008) . This mechanism may be involved in the cellular manifestation of cortical UP states during slow wave sleep (Milojkovic et al., 2004 (Milojkovic et al., , 2005a Antic et al., 2007) . Dendritic plateau potentials are not causing cortical UP states -they are just reporting network UP states to the neuronal cell body (Antic et al., 2010) . Initial efforts to detect dendritic plateau potentials in vivo have failed (Waters and Helmchen, 2004; Jia et al., 2010) , but recently some experimental data has begun to suggest that clustered synaptic activity and highly localized calcium influxes potentially associated with local dendritic spikes may occur spontaneously in cortical networks (Katona et al., 2011; Kleindienst et al., 2011; Varga et al., 2011) .
Although dendritic NMDA spikes have been shown to exhibit a voltage threshold (Schiller et al., 2000; Milojkovic et al., 2004; Rhodes, 2006) , recent experimental evidence of combined glutamate-voltage sensitivity (Major et al., 2008; Polsky et al., 2009) sheds new light on this biophysical phenomenon. The spike mechanism is complex because the presence of glutamate molecules is not simply a permissive factor, but it may also represent the primary mechanism of the observed voltage jump from subthreshold to spike (Schiller et al., 2000; Milojkovic et al., 2004 Milojkovic et al., , 2005a ChaMin Tang, personal communication) . Several lines of evidence indicate that glutamate plays a more important role than voltage. For example, the experimental finding that spike-mediated calcium influx is severely restricted to a narrow, ∼20 µm segment of the basal branch ( Figure 2C 1 ) emphasizes an overriding importance of reaching the NMDA conductance threshold locally within a dendritic branch, as opposed to simply reaching a local voltage threshold ). In the two-pulse stimulation paradigm (Figure 2A) , the carryover of depolarization from the first pulse in a pair had surprisingly little impact on the stimulus threshold at which an NMDA spike could be generated by a second pulse . That is, dendritic voltage plays a relatively minor role in setting a better-or-worse initial condition for NMDA spike generation ). Here we postulate that the glutamate threshold (Milojkovic et al., 2005b; Major et al., 2008; Polsky et al., 2009 ) is reached when glia can no longer cope with repetitive glutamatergic inputs arriving in a confined space ( Figure 1B) . For a brief period of time the dendritic segment is surrounded by a surplus of glutamate ( Figure 1C , "glutamate pond"). During such an overwhelming glutamatergic stimulus, the dendritic spike cannot be perturbed by voltage (Figures 5B,C ; Major et al., 2008) . The finding that NMDA receptors on the cell body and on the most proximal dendritic segments (extrasynaptic receptors by definition) can readily support plateau potentials (Figure 6) is consistent with the idea that extrasynaptic NMDA receptors are the major carriers of the plateau current during dendritic plateau potentials (Suzuki et al., 2008) , and also that the dendritic shaft is surrounded by an abundance of glutamate during that period of time ( Figure 1C) . The NMDA spike initiation is sensitive to the frequency of synaptic activation (Polsky et al., 2004 ) not exclusively because of the temporal summation of voltage, but primarily due to a chemical summation of the glutamate originating from two sources: (1) synaptic spillover and (2) release from astrocytic processes (Parpura et al., 1994; Jourdain et al., 2007; Min and Nevian, 2012) .
The well-established requirement for the initiation of NMDA spikes is to shock synaptic terminals more than once (Polsky et al., 2004; Chalifoux and Carter, 2011 ; Figure 2A ). These recent publications suggest that repetitive input is not needed to depolarize the dendrite to some voltage threshold for spike initiation, but instead multiple shocks are necessary to reverse glial function from glutamate uptake to glutamate release ( Figure 1C , dark green glia). In glutamate uncaging experiments, the NMDA spike is initiated only when experimenters select neighboring dendritic spines (Losonczy et al., 2008; Remy et al., 2009; Branco and Hausser, 2011) . The new evidence (Major et al., 2008; Polsky et al., 2009, present data) suggests that dendritic spikes in glutamate uncaging experiments do not arise from summation of voltage alone, but rather from summation of three glutamate sources: (1) uncaged glutamate; (2) synaptically released glutamate triggered by the presence of uncaged glutamate; and (3) glutamate released from glia (Min and Nevian, 2012) stimulated by uncaged glutamate.
TEMPORAL SUMMATION OF SUPRATHRESHOLD PLATEAU POTENTIALS
Early experiments employed temporal summation of subthreshold depolarizations (Milojkovic et al., 2004 Polsky et al., 2004 Polsky et al., , 2009 . In the present project we investigated neuronal responses to temporal summation of suprathreshold dendritic plateau potentials. We sought to investigate the somatic voltage response during a period of time when a narrow segment of a basal dendrite is bombarded with suprathreshold glutamatergic inputs; suprathreshold both in the dendrite (dendritic spike) and in the soma (AP; Figure 3A) . Instead of going into depolarization blocks from overwhelming excitatory input (Campbell and Hablitz, 2005) , PFC L5 pyramidal neurons alternated from a resting (DOWN) to a depolarized (UP) state, with each given pulse, thus faithfully reporting each glutamatergic salvo at low frequency (∼1 Hz, Figure 7A 1 ). These data indicate that basal dendrites of PFC L5 pyramidal neurons are endowed with a robust membrane mechanism, capable of decoding large amounts of excitatory neurotransmitter into sustained depolarizations and then quickly recovering from the activation of ligand-gated and voltage-gated dendritic conductances. Suprathreshold salvoes of glutamate, arriving at frequencies higher than 1 Hz, also showed no signs of a depolarization block. Instead, individual plateaus gradually merged into one continuous depolarized state ( Figure 8C ). Sustained depolarizations with persistent AP firing that are occasionally interrupted by a DOWN state (Figure 7A 3 ), are reminiscent of intracellular recordings obtained in animal cortices during transitions from sleep to awake state (Timofeev et al., 2001 ). According to our working model, the interruptions in persistent activity (transient DOWN states, Timofeev et al., 2001) indicate brief periods of time in which the instantaneous count of plateau potentials across the entire basilar dendritic tree was equal to zero.
SPATIAL SUMMATION OF SUPRATHRESHOLD PLATEAU POTENTIALS
In the elaborate dendritic tree of one cortical pyramidal neuron, substantial glutamatergic inputs impinge simultaneously on two or more dendritic branches (Varga et al., 2011) , providing the necessary conditions for spatial summation of dendritic voltages in the cell body. Summation of subthreshold synaptic inputs has been initially studied in multicompartmental biophysical models (London and Segev, 2001; Poirazi et al., 2003; Polsky et al., 2009) . In brain slice experiments the summation of subthreshold potentials was explored using two glutamate iontophoresis electrodes (Cash and Yuste, 1999) , or dual pipette synaptic stimulation (Polsky et al., 2004; Larkum et al., 2009 ). The traditional view of signal integration in the cerebral cortex is based on the idea that the neuronal computational task is to summate thousands of subthreshold synaptic inputs (Cash and Yuste, 1999; London and Segev, 2001) . Departing from the traditional, in the present study we asked what the neuronal response would be if two dendritic plateau potentials, each capable of bringing the cell body into firing a burst of APs on its own, occurred at two dendritic locations simultaneously. We studied the summation of glutamatergic inputs that were pre-integrated into robust local spikes at their respective dendritic integration sites, consistent with a two-stage model of pyramidal neuron, where the first stage of signal integration takes place in the dendrite (Poirazi et al., 2003) .
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In our experimental design, the individual elements of summation were not only suprathreshold for the dendrite (dendritic plateau-spike) but also for the cell body (plateau depolarization crowned by bursts of APs, Figures 9D 1 ,D 2 ) . Surprisingly, robust glutamate-evoked plateau potentials arriving from two basal branches into the cell body, each contributing ∼20 mV of depolarization on its own, did not contribute to the amplitude of the slow component of somatic depolarization when co-applied at the same moment of time (Figure 11E, amplitude) . Additionally, two robust plateau potentials, each lasting hundreds of milliseconds on its own, did not contribute to the duration of somatic plateau depolarization when arriving at the same instance of time. A longer plateau regularly eclipsed the shorter plateau (Figure 11D, inset) . The only way for shorter plateaus to affect the somatic voltage was to start before, or end after the longer plateau ( Figure 9C) . These results (Figures 9-11 ) may explain why the summation of dendritic plateau potentials was never suspected from intracellular recordings (Timofeev et al., 2001) . The "quenching" of robust suprathreshold events in the same unit of time ( Figure 11E , amplitude) explains why, in a given neuron, all cortical UP states have uniform amplitudes (Cowan and Wilson, 1994; Branchereau et al., 1996; Lewis and O'Donnell, 2000; Timofeev et al., 2001) . Two or more suprathreshold dendritic plateau potentials, arriving from two basal dendrites at the same moment of time, produce similar amplitude of sustained depolarization as either plateau alone (Figure 11E , amplitude).
SIGNAL COMPPRESSION IN CORTICAL PYRAMIDAL NEURONS
The extrasynaptic NMDA receptors and voltage-gated K + currents together provide pyramidal neurons with the ability to respond to a wide range of input intensities (Figure 12 , ranges II and III ) with a very narrow range of somatic depolarizations (Figure 12 , UP state). This function is analogous to a dynamic range compression in audio engineering. Audio compressors amplify quiet sounds (upward compression) and limit or reduce the volume of loud sounds (downward compression). In our working model (Figure 12) , the quiet sounds are equivalent to weak glutamatergic inputs; and the loud sounds are equivalent to suprathreshold glutamatergic inputs. If a pyramidal neuron were a simple integrator, the somatic depolarization would be proportional to the intensity of glutamatergic input received by dendrites (Figure 12 , dashed gray line). However, our experimental measurements (Figures 3E  and 4D) indicate that the amplitude of the somatic depolarization remains in a very narrow range of values despite the increasing intensity of glutamatergic drive (Figure 12, abscissa) . In one particular range of glutamatergic intensities (Figure 12 , range II ) the cellular mechanisms boost the amplitude of the somatic depolarization (Figure 12 , Upward compression, red arrows). In another range of glutamatergic intensities (Figure 12 , range III ) the cellular mechanisms work together to suppress the amplitude of the somatic depolarization (Figure 12 , Downward compression, blue arrows). UPWARD COMPRESSION : excitatory inputs that reach the local threshold are amplified by regenerative properties of NMDA currents in basal dendrites (Schiller et al., 2000; Milojkovic et al., 2004 Milojkovic et al., , 2005a Rhodes, 2006; Major et al., 2008) to a small degree, and by local summation of released glutamate FIGURE 12 | Cellular bases of signal compression in the basilar dendritic tree of cortical pyramidal neurons. Schematic representation of data obtained by summation of glutamatergic inputs in the basilar dendritic tree. Thick black line (Actual ) represents a sigmoidal shape of somatic depolarization obtained experimentally by gradually increasing the intensity of glutamatergic stimulation delivered on one basal dendrite or by summation of inputs from two basal branches. The dashed gray line represents an expected depolarization in the cell body, based on the arithmetic (linear) summation of plateau potentials occurring in one or two basal dendrites simultaneously. Pink rectangle marks the range of glutamatergic input intensities (range II), in which cellular (dendritic) mechanisms boost the amplitude of the somatic depolarization. Blue rectangle marks the range of glutamatergic input intensities (range III), in which cellular mechanisms (dendritic and somatic) suppress the amount of somatic depolarization. As a result of active boosting (red arrows) or active suppression (blue arrows) the neuronal output (somatic depolarization) is compressed in a narrow range of amplitudes, marked by "up state." in a confined extracellular space to a larger degree ( Figure 1C) . Glutamate required for reaching the glutamate threshold (Major et al., 2008; Polsky et al., 2009 ) is not only released from the active synaptic afferents (Figure 1C ), but also from synaptically activated astrocytic processes (Parpura et al., 1994; Jourdain et al., 2007; Min and Nevian, 2012) . Both the dendritic membrane currents and the accumulation of glutamate in the extracellular space effectively boost near-threshold afferent inputs, causing the neuronal output function to shift upward (Figure 12, red arrows) . DOWN-WARD COMPRESSION : glutamatergic inputs that greatly exceed the threshold for the creation of a local glutamate pond cannot depolarize the dendritic membrane above the glutamate reversal potential (∼0 mV). In addition to this hard limit, the dendritic K + currents activated by the voltage waveform of dendritic plateau potentials (Milojkovic et al., 2004 (Milojkovic et al., , 2005a and by a massive calcium influx Major et al., 2008) limit the amount of dendritic depolarization (Wilson and Kawaguchi, 1996; Contreras et al., 1997; Cai et al., 2004) . These dendritic plateau potentials are then attenuated by dendritic cable properties en route to the soma (Milojkovic et al., 2004; their Figures 4 and 7) and finally compressed by AP-activated K + current in the somatic membrane (Bekkers, 2000; Korngreen and Sakmann, 2000; Schaefer et al., 2007) . Note that plateau amplitudes increased upon blocking APs with TTX ( Figure 4B) . Because of these biophysical properties, the maximal amount of depolarizing current that basal dendrites can generate and deliver to the cell body is strictly limited. Once the dendritic plateau potential has been initiated, an entire range of suprathreshold glutamatergic inputs (Figure 12 , ranges II and III ) actually produces only one current amplitude (Figure 12 , UP state). That is, during a dendritic UP state (Figures 2B, 3A , 4C 2 , and 7A) mediated by extrasynaptic NMDA receptors (Suzuki et al., 2008; Chalifoux and Carter, 2011) , the neuronal output is strongly compressed in a narrow range, fluctuating around a single value (Figure 12, UP state) . Dynamic range compression manifested by a steep sigmoidal input-output function (Figure 12 , Actual) has been implicated as one of the crucial components of signal processing in the central nervous system (Geisler and Albrecht, 1995; Clatworthy et al., 2003; Nizami, 2005; Persi et al., 2011) . 
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